Introduction 33
Valorization and reuse of wastes through their bioconversion into value-added products is 34 one of the most distinctive strategies of European Bio-economy. Organic waste provides a 35 significant source of biomass that can be utilized for generating commodity products such 36 as chemicals, biofuels or bioplastics (Munasinghe and Khanal, 2010; Latif et al., 2014 ) by a 37 bacterial fermentation process. Through gasification or pyrolysis, organic matter can be 38 converted into a mixture of gases, composed mainly of CO, H 2 and CO 2 known as synthesis 39 gas or syngas. Such gaseous mixture could be used by carbon-fixing microorganisms as 40 carbon and energy sources and converted into high-added value products, in a process 41 known as syngas fermentation. The feasibility to convert simple carbon precursors like CO 2 42 into a value-added product such as 3-hydroxybutyrate has been already reported (Wang Bo 43 et al., 2013) . 44
Syngas fermentation offers an attractive economic prospect for biofuel, fine chemicals and 45 biopolymer production (Latif et al., 2014; Beneroso et al., 2015) . Polyhydroxyalkanoates 46 (PHAs) are one of the potential products that can be obtained from bioconversion of syngas 47 via fermentation. Rhodospirillum rubrum, a purple non photosynthetic bacterium, is an 48 organism particularly attractive for the bioconversion of syngas into PHAs and H 2 (Klasson 49 et al., 1993; Do et al., 2007) . PHAs are polyesters synthesized by many bacteria as an 50 energy and carbon storage molecule (Liebergesell et al., 1991; Verlinden et al., 2007) . 51
These polymers are thermoplastics offering an alternative to oil-derived plastics since can 52 be biodegraded by many microorganisms (Reddy et al., 2003) . Furthermore, the different 53 monomers can be combined within this family giving a broad range of materials with 54 different properties, what make these bioplastics suitable for several applications that range 55
Accepted Article This article is protected by copyright. All rights reserved. medium, defined above, was used as the basal medium for the following experiments (see 146
Experimental Procedures). 147
The effect of light on biomass and PHA yield is showed in Table 2 comparatively when  148 using two different non-fermentable organic acids, acetate or malate. Two parallel cultures 149
were grown in serum bottle in SYN medium plus 10 mM acetate in darkness and in light. 150
Light slightly accelerated the µ (h -1 ) from 0.021 to 0.029 and increased of the biomass 151 production yield from acetate (gDWg -1 ), from 1.4 to 1. . Along 162 the growth curve, malate was converted into acetate that was secreted as a by-product to the 163 extracellular medium to be further co-consumed with malate at the mid-end exponential 164 phase. Interestingly almost not PHA accumulation was detected in the presence of malate. 165
The CO and CO 2 consumption along the growth curve was monitored on cells growing in 166 acetate in light or in darkness. A sample (1 mL) from the head-space of the culture bottle 167 (see Experimental Procedures) was taken at time zero (after adding syngas to the culture) 168
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and after 48 h (in light) or 72 h (in darkness) of incubation. The differences in the final gas 169 composition were measured using a gas chromatograph (GC) equipped with a thermal 170 conductivity detector (TCD). Values acquired from this experiment are shown in Table 3 . 171
The cells growing in syngas-acetate medium in light showed around 50% of CO and CO 2 172 conversion from the initial concentration on syngas, while in darkness the CO and CO 2 173 conversion was about 40%. Our data clearly show a consumption of CO and CO 2 from 174 syngas in both conditions, with an uptake of 1.5-fold and 1.2-fold higher of CO and CO 2 in 175 light than in darkness, respectively. 176
177
Identification and gene expression profile of potential routes involved in CO 178 assimilation and PHB production from syngas and acetate 179
In order to get a comprehensive view of CO assimilation into biomass, an expression 180 analysis of genes potentially involved in the assimilation/fixation of CO 2 was carried out. A 181 preliminary identification based on the literature (see below), genome annotation and 182 KEGG (Kyoto Encyclopedia of Genes and Genome) pathway database analysis was 183 performed to identify potential assimilatory reactions that involve CO 2 fixation into organic 184 compounds in R. rubrum. 185
It has been stressed above that in a photoheretrophic context other carboxylases besides 186
Rubisco might catalyze CO 2 assimilation. Our study suggests that acetate assimilation in R. 187 rubrum could be possible via three different routes that involve carboxylation and therefore 188 The last enzyme involved in CO 2 carboxylation reactions considered in this study was the 207 o-oxoglutarate synthase encoded by the Rru_A2721 gene that has been also identified in R. 208 rubrum (Buchanan et al., 1967) . 209
Finally, the transcriptional regulator CooA encoded by the Rru_A1431 gene that regulates 210 the expression of genes involved in CO oxidation and that is induced by CO (Roberts et al., 211 2005) was included in the expression profile analyses. 212
The expression levels of all these genes were monitored by qRT-PCR in cells grown in 213 different conditions: a) syngas plus acetate in light versus syngas plus acetate in darkness 214 This article is protected by copyright. All rights reserved. (Table 4; a FC), b); syngas plus acetate versus syngas plus malate both in darkness (Table  215 4; b FC) and c) and syngas plus acetate versus malate both in darkness (Table 4 ; c FC). 216
When light and darkness conditions were compared in the presence of acetate, the 217 expression level of cooA showed no variation (Table 4 a FC). This observation suggests that 218 there are not differences in the regulation of CO metabolism during syngas fermentation 219 regarding light or darkness. However, Rubisco showed an expression 3-fold higher in cells 220 growing in light than in darkness (see Discussion). The expression levels of the other genes 221 coding for crotonyl-CoA reductase, pyruvate synthase, 2-oxoglutarate synthase and PEP 222 carboxykinase, were upregulated in light about 2-fold, 3-fold, 10-fold and 3-fold, 223
respectively. 224
Furthermore, when the expression levels of these genes were compared between cells 225 grown in darkness with syngas in two different carbon sources, acetate and malate (Table 4  226 b FC), the expression of Rru_A3063 (crotonyl-CoA reductase) and Rru_A2398 (pyruvate 227 synthase) was 6-fold higher in the presence of acetate, as expected because these enzymes 228 are involved in acetate assimilation (see reactions above). 229
The expression levels of cooA in cells grown in syngas-acetate in darkness were 25-fold 230 higher than those in cells grown in syngas-malate on darkness, indicating that cooA is 231 upregulated in syngas-acetate compared to syngas-malate. 232
Finally, the expression levels of all these genes were determined in cells grown in syngas 233 plus acetate and compared with those of cells grown in malate both on darkness (Table  234 4; c FC). The expression levels of cooA were 65-fold higher in cells grown in syngas-acetate 235 than in cells grown in malate, indicating a strong upregulation of cooA by syngas. 236
Regarding the genes encoding the carboxylases, crotonyl-CoA reductase and pyruvate 237 synthase, the highest expression levels were found in cells grown in acetate, confirming the 238 This article is protected by copyright. All rights reserved.
role of the enzymes in acetate assimilation. For the others carboxylases (propionyl-CoA 239 carboxylase-Rru_A1943 and 2-oxoglutarate synthase-Rru_A2721), no differences in the 240 level of transcripts were found in cells grown in these conditions (Table 4 b FC and c FC), 241
suggesting that the activity of such carboxylases is independent of syngas and the carbon 242 source present on the culture medium. 243
Finally, the expression of the genes involved in the PHA pathway was also monitored. there were no significant differences in the expression of these genes in both conditions at 253 mid-exponential phase (Table 4 c FC), suggesting that the expression of PHA biosynthetic 254 operon at exponential phase of growth is not a limiting step for PHA production. 255
256
Metabolic profile of R. rubrum during syngas fermentation 257
Taken together the results presented above pointed out the role of syngas as energy source 258 but did not demonstrate its role as carbon source, i.e., the active assimilation of CO into 259 biomass. Moreover, the transcriptomic data suggested a putative role of pyruvate synthase 260 (Rru_A2398), crotonyl-CoA carboxylase (Rru_A3063) and Rubisco (Rru_A1998) in 261 This article is protected by copyright. All rights reserved. carbon skeletons that will be derived from the above mentioned reaction, and therefore, a 277 direct evidence of 12 C incorporation from syngas, both in darkness and in light. The same 278 label pattern was found for the metabolite 1,3 biphosphoglycerate (1,3-BPG). 279 R. rubrum can in principle assimilate CO 2 through the CBB cycle. If CBB were actively 280 assimilating CO 2 into biomass in our growth conditions, the pattern of incorporation of 281 unlabeled carbon in the 3-phosphoglycerate (3-PG) metabolite would be higher, and 282 therefore a dilution in the 13 C enrichment would be expected. 2-PG (2-phosphoglycerate) 283 isomer could be also formed via glycolysis/gluconeogenesis. However, isomer pairs 2/3-PG 284 This article is protected by copyright. All rights reserved.
could not be differentiated because they co-eluted and had identical m/z, so they are 285 referred as 2/3 PG. Interestingly no differences regarding the 13 C-mass isotopomer labeling 286 pattern and 13 C-enrichment between PEP and 2/3-PG metabolite were found, indicating an 287 undetectable contribution of CBB cycle to CO 2 assimilation between the two conditions 288 R. rubrum is one of the scarce bacteria able to grow in syngas while producing PHAs. A 339 CODH and a CO-insensitive hydrogenase, both associated to the chromatophore 340 membranes, are induced by CO catalyzing the oxidation of CO to CO 2 . However, carbon 341 assimilation from CO to biomass or PHA had never been confirmed. The first conclusion 342 derived from this study is that syngas cannot be used as single carbon source in this 343 bacterium, evidencing the need of an additional carbon source to support growth. Acetate 344 and malate have been tested as non-fermentable acids to improve biomass formation 345 (malate or acetate) and final PHA production (exclusively with acetate). These carbon 346 sources have been chosen because they need light or an alternative source of reducing 347 equivalents to obtain energy for supporting the growth on anaerobic conditions, since there 348 is no ATP synthesis via substrate-level phosphorylation in their dissimilation. Thus is not light dependent, the light has a slight positive effect in the biomass yield, growth rate 357 and specific uptake rate. The beneficial effect of light is reflected both at physiological 358 level and at metabolic level, suggested by the high levels of transcripts found in this 359 condition, i.e., transcripts of crotonyl-CoA reductase, pyruvate synthase, 2-oxoglutarate 360 synthase and PEP-carboxykinase are induced more than twice in light compared to 361 darkness. Further, the specific activities of Ccr and PFOR were higher in light than in 362 darkness, 1-fold and 0.5-fold higher, respectively. This is in agreement with the observation 363 made by Najafpour and Younesi (2007) who pointed out the positive effect of light 364 intensity in R. rubrum during syngas fermentation. 365
Although it is known that R. rubrum uses CO as energy source generating CO 2 , the fixation 366 of the carbon fraction (CO and CO 2 ) from syngas had never been analyzed. Thus, an 367 important conclusion of this work is that CO can be assimilated via CO 2 into biomass and 368 PHA in the presence of acetate. The assimilation of 12 CO 2 from syngas is revealed by mean 369 in its carbon backbone. This result is also supported by the concomitant consume of CO 372 and CO 2 registered (~50 %), indicating that all the CO converted into CO 2 was consumed 373 by the cells. These data are a clear indication that CO metabolism is actively channeling 374 CO into CO 2 , and it is finally assimilated as biomass and PHA. Further, the expression of 375 CO metabolism was confirmed by quantifying the transcription levels of its key regulator 376 This article is protected by copyright. All rights reserved.
CooA. The CO-sensing transcription activator CooA is responsible of the expression of the 377 multicomponent CO oxidation system. A high level of cooA transcript was found in syngas 378 cultures regardless the condition tested, demonstrating its role in CO uptake, since this 379 regulator is specifically induced by CO (Roberts et al., 2005) . Unexpectedly, when acetate 380 was used as co-substrate, a higher level of cooA transcript (25-fold) was found. Taking into 381 account that acetate cannot be used as energy source, this result suggests that acetate 382 stimulates the CO uptake to obtain the energy required for growth and for PHA 383
biosynthesis. 384
In order to improve PHA production, the roadmap of carbon from the C1 fraction of syngas 385 and acetate must be drawn. Therefore, the assimilatory reactions potentially involved in 386 CO/CO 2 fixation into organic substrates have been assessed, when the culture was fed with 387 acetate as co-substrate. Two alternative pathways have been proposed for acetate 388 assimilation in R. rubrum (Figure 1 ) including two carboxylases; crotonly-CoA reductase 389 (Rru_A3063) and pyruvate synthase (Rru_A2398). The high level of transcript, i.e.,6-fold 390 higher than in malate found for the genes encoding these carboxylases suggest that they are 391 acting in the 12 CO 2 assimilation. Further, the carboxylase activities of these enzymes have 392 been verified in crude extracts of cells growing in syngas supplemented with acetate. These 393 data provide information on these enzymes as potential targets to optimize strains by 394 metabolic engineering strategies. In addition, these carboxylases could play multiple 395 functions being involved not only in acetate assimilation but also fixing the C1 fraction of 396 syngas. The genes encoding the others carboxylases tested in this study (propionyl-CoA 397 carboxylase-Rru_A1943 and 2-oxoglutarate synthase-Rru_A2721) showed no differences 398 in the level of transcript in darkness either in malate or acetate with or without syngas 399 This article is protected by copyright. All rights reserved. (Table 4 b FC and c FC). These data suggest that the expression of these carboxylases is 400 constitutive in the conditions tested, being independent of syngas and the carbon source 401 present on the medium. 402
McKinlay and Harwood (2010; 2011) showed the important role of CBB cycle on 403 photoheterotrophic conditions to maintain the internal redox balance when the carbon 404 source used to grow is more oxidized than biomass, as it is the case of acetate. During 405 syngas fermentation, either in light or in darkness, no differences in the label pattern of the 406 2/3 PG pool was detected indicating an almost undetectable CBB flux. These results 407 suggest that during syngas fermentation CO metabolism could be responsible of 408 maintaining redox balance, most probably through the CO-insensitive hydrogenases, and 409 therefore, CBB cycle is playing a minor role in carbon assimilation. On the other hand, it is 410 worth to mention that beside the undetectable CBB cycle flux identified, a high level of 411 Rubisco expression has been measured in light, being 3-fold higher in light than in 412 darkness. However, the lack of correlation between the gene enzyme expression levels and 413 the metabolic flux observed here has been often described elsewhere (Glanemann et al., 414 2003; Siddiquee et al., 2004; Nanchen et al., 2008) . 415
Syngas fermentation is currently raising a great interest in the production of value-added 416 chemicals that justify the efforts addressed to metabolically engineer microorganisms for 417 improving the production yields (Griffin and Schultz, 2012) . Although there are many 418 approaches to convert syngas into biofuels like ethanol, the use of syngas as substrate to 419 produce biopolymers has been rarely explored (Do et al., 2007) . This research sheds light 420 on the metabolic network of syngas fermentation providing potentials targets to 421 metabolically engineer R. rubrum in order to increase PHA production. 422 Cultures were harvested at 4ºC at mid-exponential phase and frozen immediately at -80ºC. 462
RNA purification was carried out using High Pure RNA isolation Kit (Roche) as specified 463 by the manufacturer. Extracted RNA was treated with RNasefree (Ambion) following 464 manufacturer's instructions. RNA integrity was checked by agarose gel electrophoresis. The 465 absence of contaminating DNA was analyzed by real time PCR using primers for 16S 466 rRNA as described below. Gene expressions analyses were performed by a two-step RT-467 qPCR approach using SYBR Green I dye in a LightCycler 480 II Roche®. In this two-step 468 RT-qPCR, the reverse transcription and PCR amplification steps were performed in two 469 separate reactions. First, cDNA was synthesized from 1 µg of purified RNA in random 470 This article is protected by copyright. All rights reserved. Sampling was performed at the mid-exponential phase (OD 600 ~ 0.5) in two steps; i) rapid 534 quenching of metabolism followed by ii) metabolite extraction. For quenching, 2 mL of 535 broth were rapidly sprayed into precooled centrifuge tubes maintained at -80 °C and 536 containing 5 mL of cold ethanol, homogenized using a vortex and centrifuged (12 000 x g 537 for 5 min at -20 °C) with Eppendorf Centrifuge 5810R. Metabolites were extracted by 538 pouring 5 mL of an ethanol/water (75/25) solution at 95 °C onto the cell pellets. After 539 This article is protected by copyright. All rights reserved. (isotopologue distributions) were calculated from the isotopic clusters after correction for 555 naturally occurring isotopes with IsoCor (Millard et al., 2012) . For the analysis of the 13 C-556 labell pattern of hydroxybutyrate (HB) the protocol already described above was followed. 557
The isotopologue distribution of HB was calculated by monitoring the ion sets m/z 103-558 106. 559 560 Gas analysis. 561
The gases H 2 , CO, and CO 2 were analyzed by using a gas chromatograph (Agilent 7890A 562 GC) equipped with a thermal conductivity detector (TCD) and two columns connected in 563 This article is protected by copyright. All rights reserved. series (80/100 Porapak Q and 70/80 Molesieve 13X). The initial oven temperature was 30 564 ºC, which was maintained with an isothermic step of 5 min. It was then programmed with a 565 rate of 25 ºC min −1 until reached 180 ºC. The injector and detector temperatures were 150 566 and 250 ºC, respectively. Helium (Air Liquide, www.airliquide.com) was used as carrier 567 gas. Samples were taken from the headspace of the culture at different times using a tight 568 gas syringe and added to HS-vials, previously degasified with helium. Prior to the 569 measurements the gas analyzer was calibrated by a standard gas and a calibration curve was 570 established. The calculation for gas concentration was carried out using the GC data 571 analysis software (ChemStation rev. B.04.03-SP1; Agilent Technologies, Inc. Accepted Article This article is protected by copyright. All rights reserved. 
